ABSTRACT Anastrepha fraterculus (Wiedmann), a South American fruit ßy, is an economically important pest for fruit-bearing plants of the neotropical region. Some evidence indicates that the nominal A. fraterculus comprises multiple cryptic species. In the current work we analyzed genetic variability and structure in Argentine populations of A. fraterculus based on eight isoenzymatic loci and the restriction patterns of a fragment of Ϸ500 bp belonging to the 16 S mitochondrial ribosomal DNA. The isoenzymatic analysis indicated a signiÞcant excess of homozygotes (F IS Ͼ 0), due to the fact that sampling sites probably do not constitute stable Mendelian populations. Genetic similarities ranged within values expected for conspeciÞc populations and gene ßow, estimated indirectly from the F ST value, was high. The phenogram obtained by unweighted pair-group method with arithmetic average among populations shows disagreements with the expected result based on geographic distribution. Populations located in the neighborhood of Buenos Aires City show high diversity probably due to a high migration rate from different regions. The polymerase chain reaction (PCR)ϩrestriction fragment-length polymorphism (RFLP) analysis of the mtDNA fragment involved 11 Argentine and one south Brazilian populations. The PCR product was digested by three endonucleases: Ssp-I, Ase-I, and Mnl-I. The observed patterns showed no variation within nor among the populations studied here but differed from the expected results based on the sequences recorded by other researchers for populations of north Brazil, Venezuela, and Mexico. The results so far obtained indicate that, despite the occurrence of macrogeographical variation, the Argentine and south Brazilian populations studied here belong to a single biological species.
Anastrepha IS A GENUS of neotropical tephritids native to America. It probably originated in South America, where it exhibits the highest speciÞc diversity, and later it expanded its range to northern latitudes within the continent (Hernandez-Ortiz 1992) . The genus includes Ϸ180 species, six of which are considered pests of economic importance (Norrbom and Kim 1988 , Steck 1991 , Hernandez-Ortiz 1992 , Aluja 1994 .
Anastrepha fraterculus (Wiedemann), a South American fruit ßy, is one of the most important pests in this genus. It is polyphagous breeds and feeds on fruits from several native and introduced trees, including many species of commercial value Kim 1988, Hernandez-Ortiz and Aluja 1993) .
Its geographical range is very wide in tropical and subtropical regions of the Americas from the southern United States to north and central Argentina (Norrbom and Kim 1988 , Steck 1991 , Hernandez-Ortiz 1992 , Aluja 1994 , Vilardi et al. 1994 .
The taxonomy of A. fraterculus is difÞcult. Important variation has been observed throughout its distribution range involving morphology, ecology, and biochemical, genetic and molecular markers. Based on this high variation, several authors consider that the speciÞc name A. fraterculus may involve an unsolved complex of cryptic species (Stone 1942 , Baker et al. 1944 , Morgante et al. 1980 , Morgante and Malavasi 1985 , Steck 1991 , Steck and Sheppard 1993 . Knowledge of the actual taxonomic status of this complex is paramount for developing control programs based on biological or genetic methods. It is, therefore, important to collect genetic, ecological and behavioral information from different populations to assess if different biological species are involved in this complex.
In Argentina, A. fraterculus and the Mediterranean fruit ßy, Ceratitis capitata (Wiedemann), are the most economically important tephritids (Rosilio 1953 , Blanchard 1961 , Turica and Mallo 1961 , Hernandez-Ortiz and Aluja 1993 . There is little information available about the variability and differentiation of populations of A. fraterculus in this country. Studies made on populations from neighboring countries showed important isoenzymatic differences between populations from Southern Brazil and the Andean region in Peru (Steck 1991) . Analysis of mitochondrial DNA variation was consistent with these results and also showed differences among populations from different regions of Brazil (Steck and Sheppard 1993) . Recent results on 16S mtDNA sequences available at GenBank (accessions AF152066 and AF152067) (McPheron et al. 1999) showed differences between populations from Venezuela and Brazil.
Because the Argentine territory extends from Southern Brazil on the East to the Andean region on the West, it is important to evaluate the actual differentiation among populations of this country. In the current work we analyzed isoenzymatic variability and restriction patterns from a fragment of mitochondrial 16S DNA ampliÞed by the polymerase chain reaction (PCR) in Argentine populations of A. fraterculus. Genetic structure was analyzed from the data of three isoenzymatic systems using WrightÕs (1951) F statistics and WrightÕs hierarchical analysis (Wright 1951 (Wright , 1978 to evaluate possible association between genetic variation and geographic distribution. The restriction patterns of the mt-DNA segment were compared with those of other populations of this species.
Materials and Methods
Isoenzyme analysis was applied to nine populations from Argentina, while the restriction patterns of a PCR ampliÞed mitochondrial DNA fragment were studied in 11 Argentine and one South Brazilian populations. These populations are representative of different biogeographical provinces of the Neotropical Region (Table 1 ; Fig. 1 ) (for a thorough description of the biogeographical provinces see Cabrera and Willink 1980) . Geographic distances between sampled populations were estimated using the measure tool of Encarta World Atlas (Spanish version) (Microsoft 1995Ð1996) .
The methods of sampling and adult rearing of Argentine populations were similar to those described in Alberti et al. (1999) . About 50 fruits of different host plants showing evidence of fruit ßy oviposition holes were collected at each locality. Fruits were randomly distributed on sandy soil and sent to the laboratory in Buenos Aires inside a carton. There each fruit was transferred to an individual ßask with a sand layer and held until larvae pupated and adults emerged. The adults emerging from each fruit were collected for 2 wk and maintained until 2Ð3 d old in ßasks with brown sugar and hydrolyzed protein (2:1) for food and 1% agar for water. They were sexed, frozen and stored in liquid air until isoenzyme or mt-DNA analysis was performed. All individuals from each population were stored in a single container from which individuals for analysis were randomly chosen. The Brazilian sample consisted of adults emerged from fruits collected in the wild. Upon emergence, adults were Þxed in 70% ethanol and stored at 4ЊC.
Isoenzyme electrophoresis was performed in horizontal polyacrylamide gels, according to conventional techniques (Harris and Hopkinson 1976) modiÞed for Tephritidae (Malavasi and Morgante 1982) .
A total of six isoenzymatic systems were analyzed: menadione reductase (MNR), aldehyde oxidase (AO), malic enzyme (ME), glutamate oxalacetate transaminase (GOT), malate dehydrogenase (MDH), and 6-phospogluconate dehydrogenase (6-PGD). From estimated allelic frequencies, mean heterozigosity (H) (Nei 1975 ) was obtained. Bias from random mating expectations and genetic differentiation between populations were evaluated by means of F statistics (Wright 1951 (Wright , 1965 ) estimated according to Nei (1977) . These indices were deÞned by Wright (1951 Wright ( , 1965 as the correlation between uniting gametes relative to the subpopulations (F IS ) and relative to the total population (F IT ). Finally, F ST is the correlation between uniting gametes within each subdivision relative to the total population. These indices were calculated using the program BIOSYS version 1.7 (Swofford and Selander 1981). SigniÞcance of estimated F IS was evaluated using the step HDYWBG of the program BIOSYS to measure the excess or deÞciency of heterozygotes. SigniÞcance of F ST was evaluated by contingency table analysis of heterogeneity among populations as suggested by Nei and Chesser (1983) using the step HETSQ of the same program.
The distribution of variability within and between geographic regions was analyzed by means of hierarchical F statistics (Wright 1978) . The F coefÞcients and variance components were also estimated using the program BIOSYS 1.7. The distribution of genetic variation among regions, among populations within regions and within populations was also expressed in terms of gene diversity (Nei 1973 (Nei , 1977 Genetic differentiation between all population pairs was estimated through the unbiased NeiÕs (1978) genetic distance (D). From the matrix of genetic distances a phenogram representative of relative genetic similarities was obtained by cluster analysis by the unweighted pair group method using arithmetical means (UPGMA). Genetic distance estimations and cluster analysis were made using the program BIOSYS 1.7 (Swofford and Selander 1981) .
For mtDNA analysis total DNA was extracted from adult insects according to the protocol described by BarufÞ et al. (1995) . PCR reactions involved the primers LR-J-12883 (5Ј CTC CGG TTT GAA CTC AGA TC 3Ј)/LR-N-13398 (5Ј CGC CTG TTT ATC AAA AAC AT 3Ј) (Xiong and Kocher 1991) . Each reaction contained Ϸ50 ng of genomic DNA, 100 M each dNTP, 60 ng each primer, 1X Taq polymerase buffer (10 mM Tris-HCl, pH 9, at 25ЊC, 50 mM KCl, 0.1% Triton X-100), 2 mM MgCl 2 and 2.5 U of Taq polymerase (Promega, Madison, WI) in a Þnal volume of 50 l. The thermal cycler (Techne Progene, Cambridge, UK) was programmed, as described in McPheron et al. (1999) , for one cycle of 94ЊC for 1 min, 40 cycles of 93ЊC for 1 min, 45ЊC for 2 min, 72ЊC for 2 min, followed by a Þnal extension step of 94ЊC for 1 min, 50ЊC for 1 min, 72ЊC for 9 min. The PCR ampliÞed a region comprising Ϸ500 bp of the mitochondrial 16S ribosomal DNA, according to the information available at GeneBank (Accessions AF152067 and AF152066).
Single digestions of the PCR product were performed with three restriction enzymes: Mnl I, SspI, and Ase I (New England Biolabs, Beverly, MA). The choice of these enzymes was based on the results of McPheron et al. (1999) that showed variation between the populations from Bertioga, Brazil, and Merida, Venezuela, in the expected number of restriction sites, according to the sequences available in the GenBank (Accessions AF152067 and AF152066, respectively). Restriction endonuclease digests were conducted according to the manufacturerÕs directions in 15-l reaction volumes using 10 l of ampliÞed DNA. Digestion products were mixed with gel loading buffer, separated by electrophoresis on 1% agarose gels, and visualized by ethidium bromide staining.
Results
Isoenzymatic Analysis. The analysis of six enzyme systems allowed detection of eight isoenzymatic loci. Mnr-1, Mnr-2, Ao-1, Me-1, Got-1, Mdh-1, Mdh-2, and 6-Pgd-1. As previously observed (Vilardi et al. 1994 , Alberti et al. 1999 , Þve of these loci were invariant both within and among populations. Only Got-1, Mdh-1, and 6Pgd-1 were variable. The estimations of genetic variability, population structure and differentiation among populations were based on these loci.
In all cases, except Mdh-1 in YU and Got-1 in IT, the loci were polymorphic at the 5% criterion (Table 2) (Table 2) . Because the conÞdence intervals of H estimates overlap, the observed differences are considered nonsigniÞcant.
Most F IS estimates were positive (Table 3) . For populations in Hardy Weinberg equilibrium the expected F IS is zero, but sampling errors are expected to yield positive and negative F IS estimates in similar frequency. In the current work the proportion of positive F IS estimates (19/27) is signiÞcantly higher than the expected (1/2) ( 2 ϭ 3.86, P Ͻ 0.05). Moreover, out of 19 positive F IS , 11 were signiÞcant or highly signiÞcant (Table 3) , while none of the negative F IS estimates was signiÞcant. Finally, all averaged F IS were positive (Table 4) . These results show a trend toward a homozygote excess within populations.
The divergence among populations, measured by means of the F ST coefÞcient, was signiÞcant for all studied loci (Table 4) . Despite the differences in allelic frequencies, the indirect gene ßow estimated from the expression
was 4.5 migrants per generation, suggesting substantial genetic exchange among the populations studied in this work.
To determine whether the observed genetic variation is associated with geographic patterns, the sampled populations were grouped into three geographic regions: northwest (NW), northeast (NE), and south (S). NW includes the populations HM, YU, and AI; NE includes PO and CO; and S includes the remaining populations located in the neighborhood of Buenos Aires City (CA, MO, IT, MR). The rationale for this grouping is that the center of Argentina (Chaco and Espinal biogeographical provinces. See Fig. 1 ) is a semidesertic area, unsuitable for A. fraterculus, in which no fruit tree orchards are cultivated. This condition is expected to impose strong isolation between NW and the remaining populations. The populations of the NE region are located inside the Argentine Mesopotamia, a region surrounded by two big rivers (Paraná and Uruguay), which is expected to be relatively isolated from the plain of Buenos Aires province on the opposite side of Paraná River and Rṍo de la Plata. The distribution of genetic variation within populations, between populations (within regions), and between regions was analyzed by means of hierarchical F statistics (Wright 1978) . The variance among all populations was V ϭ 0.07, and the corresponding F value F total ϭ 0.05. This result indicates that Ϸ95% of total variation (1 Ð F) occurs within populations. The estimates of V and F between regions were negative (V ϭ Ϫ0.03, F ϭ Ϫ0.02). These results are interpreted as absence of differentiation between regions. Consequently, all variation among populations occurs within regions (V ϭ 0.10, F ϭ 0.07).
These results were conÞrmed by a cluster analysis of populations from the matrix of pairwise NeiÕs (1978) distances (Table 5 ; Fig. 2 ). The phenogram shows two groups with high similarity that correspond respectively to the populations of NE and two populations (AI and HM) of NW. These two groups are tightly associated each other. This suggests that, with the exception of YU the populations from the north of Argentina have high afÞnity. By contrast, the populations of S region are not clustered. They form two different groups, one involving IT and CA close to the cluster of the northern populations, and the other constituted by MO and MR which also involves YU, the remaining population of NW.
Both the hierarchical analysis and the phenogram (Fig. 2) indicate no agreement of genetic variation with a geographic pattern. This conclusion was validated comparing the matrices of genetic and geographic distances by means of a Mantel test (Mantel 1967) . With 100 permutations the probability of getting a correlation higher than the observed (r ϭ Ϫ0.24) was P ϭ 0.9.
PCR-Restriction Fragment-Length Polymorphism (RFLP) Analysis. The PCR reaction with the primers LR-J-12883/LR-N-13398 produced in all individuals a single band of Ϸ480 bp. Single digestions with the enzymes Ase I, and SspI in all cases produced two fragments. Ssp-I has one site producing two fragments of Ϸ330 and 200 bp, respectively. Ase I also has one site, producing two fragments of Ϸ280 and 200 bp. Mnl I apparently has two sites near the fragment end (s), producing one big fragment of Ϸ330 bp, but the small fragments cannot be identiÞed. This hypothesis was advanced because partial digestions produce a fragment of Ϸ440 bp. These patterns showed no variation within or between populations for any of these three enzymes.
Discussion
Previous studies on the genetic variation of Anastrepha fraterculus (Stone 1942 , Baker et al. 1944 , Morgante et al. 1980 , Morgante and Malavasi 1985 , Steck 1991 , Steck and Sheppard 1993 showed that this speciÞc name might involve groups of populations with a higher degree of differentiation than expected for conspeciÞc populations. Namely, Steck (1991) observed that a group of populations involving the lowlands of Venezuela, Costa Rica, and Mexico were highly differentiated from another one constituted by the regions of the Venezuelan Andes, Peru, and Sao Paulo (Brazil). The differentiation between the samples from northeast and south Brazil was conÞrmed by Steck and Sheppard (1993) through analysis of mitochondrial DNA variation. This study also indicated the occurrence of high differentiation in mtDNA patterns between the populations of Bahia (Brazil) and the Venezuelan coast, despite the low isozymal differentiation.
Because this ßy is thought to have originated in South America, with later expansion to the rest of the Americas (Hernandez-Ortiz 1992), study of the genetic variability in these regions is of great importance.
The biogeographical characteristics of Argentina and its longitudinal extension provides a connection between South Brazil and the Andean region, with a diversity of environments that may be colonized by A. fraterculus. However, despite its wide distribution in South America, the information about genetic variability in Argentine populations is very scarce. In the current study we analyzed the distribution of genetic variation within and among Argentine populations of A. fraterculus using three isoenzymatic systems that evidenced high variability in previous studies (Vilardi et al. 1994 , Alberti et al. 1999 ) and polymorphisms for mtDNA fragments analyzed by PCR-RFLP. The population sampling is representative of a wide diversity of environments and biogeographic characteristics, involving populations from south Brazil and northeast Argentina on the east side, to populations close to the Andean region in northwest Argentina.
A common feature of all populations was a signiÞ-cant homozygote excess within populations (F IS Ͼ 0). This deviation from Hardy-Weinberg proportions has also been observed in other populations of this species (Steck 1991 , Steck and Sheppard 1993 , Alberti et al. 1999 . Homozygote excess might be the consequence of a trend to endogamy (mating between related individuals). However, the different development times of males and females (Salles 1995) coupled with the dispersal ability of immature adults should reduce the probability of endogamic matings. An alternative explanation for this condition has been advanced on the grounds of the particular behavior of polyphagous species (Alberti et al. 1999) . The continuous host shifts undergone by polyphagous species throughout the year looking for suitable hosts determines that sampling sites do not represent actual Mendelian populations, but heterogeneous groups of individuals proceeding from different origins. Anastrepha fraterculus has been described as a pest species able to shift from one host to another from generation to generation. Therefore, each population would be rather transient and constituted by a merging of individuals migrating from different sites looking for suitable hosts. Such a behavior is expected to produce homozygote excess.
The populations studied here showed very high genetic similarity. Out of eight isoenzymatic loci, Þve were invariant in all populations. Despite that the analysis of genetic structure was based on the three most variable loci, genetic differentiation among populations, evaluated through the F ST coefÞcient, was signiÞcant. However, the indirect estimate of gene ßow (Nm) was higher than 1, as expected for conspeciÞc populations. In agreement with these results, genetic distances between populations varied within the range expected (Ayala and Gilpin 1974) for conspeciÞc populations, despite the fact that only variable loci were considered. The hierarchical analysis of genetic variation distribution, based on WrightÕs (1978) method, indicated that all diversity among populations may be explained by the differentiation within regions. The proportion of genetic variation occurring within populations, expressed in terms of gene diversity (Nei 1973 (Nei , 1977 , would be Ϸ95% and the differ- In the phenogram obtained from NeiÕs distance matrix the populations from northeast Argentina form a cluster with high genetic similarity, and the same occurs with two of the northwestern populations (AI and TU). These two clusters form a group suggesting a high similarity among most populations from the north. However, YU is far from this group and is clustered with MR and MO that belong to the south region. The populations from south Argentina show an important diversity despite the geographic proximity. The average genetic distance between populations within this region was 0.09. This value is higher than those observed between populations within any of the other regions, and it is even higher than the average distance between populations belonging to different regions.
These results are consistent with those drawn from the hierarchical analysis. It is again evident that populations are not grouped according to geographic distances. The main disagreement between genetic and geographic distances lies in the high diversity among populations of the southern region and the high similarity of YU with one population of this region. The high diversity within the southern region may be related to the intense interchange of commercial fruits due to the proximity of Buenos Aires City, one of the most important cities of South America. The importation of fruits from different regions favors the immigration of ßies transported passively, increasing gene diversity in this area.
The 16S mtDNA fragment analyzed here showed in previous studies variation between populations (McPheron et al. 1999) . However, the results obtained in the present work are consistent with the taxonomic identity among all populations studied. A single restriction pattern was observed in all individuals analyzed from the different populations. These patterns are different from those expected for individuals from Bertioga, Brazil, and Merida, Venezuela, taking into account the sequences available in the GenBank (accessions AF152067, and AF152066, respectively) (McPheron et al. 1999) . In individuals from Merida and Bertioga one Mnl I site is present that should produce two fragments of Ϸ443/444 and 35 bp. This site seems to be present in the populations studied here because partial digestions produced a fragment of Ϸ440 bp, but complete digestions produced a fragment of Ϸ330 bp, suggesting the presence of a second site for this enzyme. In Bertioga three sites for Ase I can be found corresponding to fragments of 276, 57, 23, and 122 bp. In Merida, the sequence has two sites for this enzyme, with expected fragments of 275, 59, and 145 bp. The populations analyzed in the present paper exhibited two fragments suggesting that only one site is present. The sequence from Bertioga has one site for SspI that should yields two fragments of 360 and 118 bp respectively, while in Merida two sites are present that should produce three fragments of 235, 38, and 206 bp, respectively. Both patterns also differ from the results in this paper where two fragments of 330 and 200 bp were obtained. The sequence for the same fragment obtained for ßies from Chiapas, Mexico (B. A. McPheron, personal communication) also show differences with respect to the patterns obtained for the Argentine and PE (Brazil) populations.
The current results are consistent with previous ones (Steck 1991, Steck and Sheppard 1993) showing macrogeographical diversity among populations of A. fraterculus. However, Argentine populations seem to be rather homogeneous and the present results support their speciÞc identity. No regional differentiation has been recorded in this country despite the fact that the isoenzymatic loci analyzed have been selected because of their high variability, and the mtDNA fragment studied exhibited macrogeographical variation.
